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By John L. Criglor end Eobert 2. Januie 

saws* 

The rolectlon of a propeller on the basis or efficiency for 
application to a ligh< -alrplrno design can Ve accomplished by the 
use of the charts jirosonted. The reqvirod calculations wro made 
a ninimuu by presenting the dimensional propeller parameters 
directly on th-j charts. Values i J power of :0, ICO, 150, 225, and 
300 horsepower m covered for alrapeodo of 50, 100, 150, and 
200 miles per hour, propeller diaaieters of <J, B, rind 10 feet, and 
blade numbers of two, four, o:'::, and eij^it over t. vide range of 
propeller rotational speed. 

The application of tho results to design problems is demon- 
strated by three examples: (1) the 3 r.vee «.Ration of tho efficiency 
of a wide variety of propellers for a Given dociyi condition, 
(2) the inveatioation of the efficiency of a controllable-pitch 
conctant-speed propeller cw a function of airspeed, and (3) the 
investigation of the efficiency of a fixed-pitch propeller a3 a 
function cf airspeed and engine operation• 

E!W0DÜC'n0!i 

Thr> operation of light airplanes near residential neighborhoods 
presents the problem of noise reduction. One of the sources of 
airplane noise is the alr;ola;io propeller. In many Instances tho 
noise enn be roduced by tho proper selection of tho airplane 
propeller. Tho problem of the efficiency of the quiet propeller, 
however, is also of importance. The present paper ßixee  t^6 

efficiency of a '.ride solection of airplane prcpollere for light 
airplanes to aid In the required compromise between efficiency and 
noise reduction or any other operational or design condition. 

Selection charts for propellers are presented in referonce 1. 
The range of low udvance-disEjctOi' ratio, however, is not coverod 
in these charts. The precont paper gives charts for values of 
advance-diameter ratio down to 0-314. The calculated efficiency 
for propellers of optimum loaf, distribution along the blade for 

.«•^ •••- ** v\ 
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a given operttinp condition 1? rreeented. H19 advantage of using 
thio efficior.cy lo that, it jUHiHiili a moxirawn value that cannot be 
exceeded with B given propeller diameter and blade number tout c a 
be obtained with proper desiia. IHie methods of analysis are given 
in the appendix. Comparisons of the calculatod efficiencies with 
experinental da-.a on propellers She* good agreement. 

The selection charts given herein present directly the 
efficiencies as a function of the propeller operatlBg conditions. 
Investigation of e given propeller for application to a given design 
condition requires nothing more than the reading of a few charts 
and interpolating between these charts to obtain the results. 

BDOOZa 

a axial-velocity interference factor 

B number of propeller bladee 

b chord of propeller blade element 

c. section drag coefficient (d/qA) 

Cj section lift coefficient (T./qA) 

Cp power coefficient (P/pn^D?) 

CQ torque coefficient (c/pn83)5) 

C_ thrust coefficient (T/pn2D*) 
• 

D propeller diameter 

d drag of propeller blade element for infinite aspect ratio 

J advance-diameter ratio (V/nD) 

1 lilt of blade section 

H propeller rotational speed, revolutions per minute 

n propeller rotational speed, revolutions per second 

P input power to propeller 

Pc power disk-loading coefficient (F/qAV) 

. 
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Propeller efficiencies for liefet airplanes ere presented In 
terras of online power, velocity, "blade numher, "blade diameter, and 
propeller rotational speed for the use of light-airplane manufacturers 
and operators. A vide ranee of propeller selection is presented in 
order to permit evaluation of the efficiencies obtained with high- 
solidity lov-rotutional-3peed propellers compared with low- solidity 
high-rotational-speed propellers. The charts are intended to cover 
the requirements that may he needed in the study of the sound 
reduction of light-airplane propellers. The scope of the results 
and a key to figures 1 to 22 are <jiven in table I. 

Figure 1 shows the "breakdown of ttie propeller losses for one 
condition and will aid in interpreting the resultB presented in the 
other figures. The value of the ideal efficiency Uj_ given for 

figure 1 lc the value obtained from consideration of the minimum 
momentum increase in the wake. Only axial momentum and a uniform 
increase in velocity over the entire di3k area are considered. The 

Ml " Hi) 
ideal efficiency is given "by the relationship "n *•• 

*-i3 

and la fixed for a given pover, velocity, and propellor diameter. 
The shaded area in the figure show» the induced looses for propellers 
having optimum efficiency. The optimum efficiency n opt is the 

efficiency (without drag) for a propeller with an optimum load 
distribution as given "by Goldstein for the specified numher of 
"blades. This efficiency considers the rotational and axial momentum 
of the wake and distributes the loading along the "blade so that the 
integrated sum of the IOBCOS is a minimum. 

The propeller efficiency q given in all the figures 1B obtained 
"by subtracting the "blade drag from the optimum efficiency. The 
magnitude of the "blade drag can ho seen to vary greatly with the 
section loading. In figure 1 the low-solldlty propeller 13 highly 
loaded at low rotational speed and 1B very close to the stall 
condition at 12*0 rpm. The approach to stall is indicated when 
the propeller efficiency n and the optimum efficiency i\ opt "begin 

to diverge. At high rotational speed the blade sections for the 
low-solldlty propeller are operating at or near maximum lift-drag 
ratio end, therefore, show tiie highest efficiency. The high-solidity 
propeller is operating at very light loading (low value of c, for 

the section) and, therefore, at a very low lift-drag ratio. At 2000 rpm 
the blade drag loss has increased from 8 percent for Mae low-solidity 
propeller to 32 percent for the high-solidity propeller. 

U '   'f 
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The values of ideal efficiency, optinum efficiency, and 
r*>eultaat propeller efficiency are given in each of figures 1 to 22 
in order to permit insight into the lessee sustained for each 
operating condition. 

Figures 1 to 3 gi?* efficiency as a function of propeller 
rotational speed for 5-, 8-, end 10-foot-dioneter four-blade 
propellers of varying solidities (a • 0.069 to (• C.270') for 
engine power of 3CC hersepever for two forward speed*. The difference 
between the calculated propeller efficiencies (drag Included) for each 
solidity and the optimum efficiency it: due to blade drag. The drag 
varies rapidly with propeller solidity and propeller rotational speed. 
In all the present calculations the propeller rotational speed is 
limited so that the value cf itnD does net exceed £50 feet per second 
(Mach jr.2cbrr, O.85). /.lthcuch small compressibility losccs may result 
at this Nach number, no losses vere included in the calculations. 

In figuree k to 20 the calculated efficiency is plotted against 
propeller rotational speed for velocities of fO,  100, 150, and 200 miles 
por hour at engine powers of 50, 100, 150, 225, and 30C horsepower. 
In each case the propeller solidity is O.03^5B end, therefore, the 
total solidity increases proportionally to the blade number. The 
r>ttlcienciee .for other total solidities and blade numbers can be 
obtained from tho charts by the use of figure 'j*   For optimum propellers 
with geometricalJy similar blc.de sections, the principal change in 
efficiency resulting from chanoing the blado number and holding the 
solidity constant is due to • change in the optimum efficiency. In 
figure 5 the optimum efficiency i 1 shown for two-, four-, and 
eight-blade propellers. The number of blades Is seen to affect the 
optimum efficiency - the /router the number of blades tho higher the 
efficiency. The magnitude of thio change In ( _, with blade 

opo 
number, however, Is seen to be small and close estimates of the 
efficiencies to be realised for constant-solidity propellers with a 
change In blade number can bo uade. The drag losses may vary for 
constant solidity and different binde numbers because of changes 
in the airfoil characteristics with Reynolds number but, In genoral, 
this effect is very small and Is not considered In the present paper. 

> 

IXAMPIBS 

I - Propeller Selection for One Design Condition 

The charts of the present paper show the efficiencies of a 
large number of propellers that could be fitted to a given design 
condition. Example I Is given to explain the use of the charts. 

' 
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The deoi^i conditions for «1 given airplane pre e.a  follows: The 
150-horropower engine operates at 2700 rpm. The decign velocity 
is 150 miles per hour. Hie propeller rotational opeed vith direct 
and gear driver am. be choren aj 27CC, l80O, 13^0, or 900 rpm. 

The following table givec values of efficiency for some of the 
propellers that could he fitted Jo the given airplane. All the 
propellors for this set of design conditions ere taken from 
figure llf. 

• 

•     !  1 —T n 
(rp;i) i 1) B  j        T, (rpn) a B q 

27C0   ' 6 j 2 i 83.5 1350 8 6 79.0 
2700 
lÖOO   1 

6 '   k 1 71.0 
6 : 2  fc.« 

13^0 ö 8 
8-).c 11-50 10 2 

l800 6 '  k Ö4..C 1350 10   k 68.0 
l3oo 6 ! 6 81.0 C0Ü 0   6 72.0 
18C0 
1800 

6    8 
8 1 2 

7.; .5 
87.0 

900 
900 

S 
8 h 

73.5 
85.0 

l8co 8 1  k 7J.5 900 8 1  D 83 .-5 
1350 6 \ 81.0 000 8 a 81.0 
1350 O 6 81.0 900 10 2 87.0 
1350 
1^50 

6 
8 

8 
2 83 900 

POO 
3.0 
10 

83.O 
75.5 

1350 8 \ vk.'i, 900 10 8 71.5 

Many of those propellers ere clore to Btalling at 150 miles per hour 
and at lover velocity would stall end give very poor efficiency. 
Investigation of any propeller fcr a range of velocitieo is taken 
up in example II for a control3.ah3e-pitch constent-speed propeller 
end in example III for the f-\::c<1-pitch propellers. 

H - Controllahle-Pitch Constant-Bpeed Propeller 

Figure 23 is a cro33 plot of the propeller efficiency as a 
function of the forward velocity for a 100-horsepower engine 
operating at constant speed. The curves In figure 23(a) show the 
efficiencies for an 8-foot-diameter two-blade propeller and the curves 
in figure 23(h) show the efficiencies for a 6-foot-diemeter aix-blade 
propeller. The data for these curveB were obtained from figures 16 
to 19 and are very close approximations to the efficiencies that would 
ho obtained for controllable -pitch constant -speed propellers of the 
seme diameter and solidity. In a similar manner the propeller 
efficiency for constant rotational speed can he obtained frna the 

• 
\ 
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figures for any combination of rmcine power, properer diameter, 
blade number, and range of foxvard velocity covered in the study. 

Ill - Propeller Performance for Fixed-Pitch Operation 

In order to determine the variation of the performance vith 
airspeed of a given propeller for fixed-pitch operation, it ia 
necessary to determine the variation of the engine speed and brake 
horsepower with airspeed. Since an engine operates at approximately 
constant torque the variation of engine speed with velocity depends 
on the propeller characteristics. An example is given to illustrate 
the procedure. 

Consider a 6-foot-diameter four-blade it        • 0.138^ fixed- 

pitch propeller designed to absorb 150 horsopowor at 1800 rpm at 
150 miles per hour. Jalculate Cp   as follows 

P 

2ttQ 

pD5n2 

150 X 550 

0.008378 w^ 
0.1655 

Pirn 
The value =-~   remains constant over the spoed range. Therefore 

pD5 

»%-o-^CI2)2 
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HACA TM No. 1338 

For the design cond.11.ion 

na    15° Go 1800 6 

1.S21 

Use experimental or cr.lcvO.itcd data for the solected propellor, 
against   V/nD   at 

0.7R 
of 

If available, or use a set of curves of 

various values of pitch setting for some value of o, 

about 0.133. The number of blades for the test results Is not 
very Important since only the shape of the curve Is required. 
Plot v/nD against Cj> on a transparent sheet of paper and place 

It over the curves of experimental data. Through the given point 
fair In a representative curve for the variation of C. vlth V/nD 

for the fixed pitch in question as is done in figure 2k. This curve 
will approximate the variation of the desiga propeller as closely as 
is possible without specific experimental tests of the propeller. 

In order to calculate the perf oxmance at 100 miles per hour, 
assume a value of v/riD a little higher than the ratio of airspeeds 
would give since the rotational propeller speed is going to he reduced. 
ThuB the calculated value is given by 

X.lAg 
BD      150 

• O.81U 

Try, as a first approximation, — • O.85. Then 

D V 

100 x 1.U67 

6 y. O.85 

28.75 

\ 

• 



KACA TH Ho. 1338 

! 

and 

*      (28.75)* 

- C.lft) 

Plot the point   C-, • 0.1&D,   —• * O.85   on the curve.   It 
~» '    nl 

is oeen that this point falls holov the curve und that a hiirgier value 

of   v/riD   is required.   Try   — = O.95.    Then 

n <= -• 1U6.7 
6 ;< C95 

-25.70 

and 

1      (25.7) 

«. 0.225 

Since the point   Cp = 0.225,   i • 0.95   falls on the curve, the 

value of   V/nD   is correct, end 

I - (25.70) (60) 

= 15^0 rpti 

The hrake horeepowor 1B reduced hy the ratio of - HB or reduced lEoo 

from 150 to 128 horsepower. 

The efficiencies for 150 miles per hour end 150 horsepower are 
read from f ißure lU at lOoo rrai as TJ   = 90 percent, ^ • Bh percent, 

and Ann = & percent. It is nocenaary to road the curves for 100 miles 

per hour at 100 and 150 horsepower for 15I« rpra and to estimate the 

» 
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efficiency at 123 horaspover. nie efficiencies for 100 mllea per 
hour and 100 horsepower are read from figure 17 at l^bO rja as 
''opt • ®**5 P«*cent# T\ - 80 percent, and £»ij) » U.5 percent. 

The efficiencies for 100 miles per hour and 15c horsepower are read 
from figure 13 at 15I4O rpa as TJ t a 80 percent, i\ »76*5 percent, 

and AtiD = 3«? percent. It should he noted that the propeller 

efficiency for the condition of 150 horsepower at lr;i+0 rpm Is close 
to the stall region. This stalling condition './ill require some care 
in estimating the efficiency by this method if the propeller is 
stalled at the higher engine power. An accurate dctexmlnation of 
the propeller efficiency near the propeller stalling condition cannot 
he made without specific experimental data en the propeller and 
airplane combination. The efficiency for IS8 horsepower at 100 miles 
per hour falls hetween the value of 76.3 percent for 150 horsepower 
and the value of 80 percent for 100 horsepower, prohahly at ahout 
78."5 percent. Then 

Thrust horsepower => 128 x 0.785 

- IOO.5 

The procedure for other velocities is a repetition of the 
foregoing calculation. 

A breakdown of the power losses as shown gives a good Indication 
of the possibility of obtaining a gain in efficiency by increasing 
the propeller solidity. If cr^   is small there is not much to be 
gained by increasing the solidity. 

APPLICATION TO SPECIFIC DESIGN 

The charts presented herein permit the selection of the primary 
propeller parameters - namely, diameter, rotational speed, blade 
number, and solidity - required for a given design condition. A 
comparison of the efficiencies for a wide variety of these parameters 
shows large changes in efficiency. The large change in efficiency 
demonstrates the Importance of a careful selection of the primary 
propeller parameters. Whenever any of the primary propeller 
parameters are affected by considerations of noise output, ground 
clearance, and so forth, the present paper is particularly useful in 
determining the best compromise. 

i 
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The secondary pammeters cuih ap pitch distribution, pl^n form, 
thidmena diatribution, and airfoil rection are not direotly treated 
herein. Au estimate of their effect can he obtaineü, hrwever, by 
the uee of the ciurtr. The optima load distribution meanc that 
the prodv.ct of the chord and the lift coefficient fb^l is »• 

doflnitc value for each radius at a given deelgn condition. Small 
departures from the optimum load distribution do not oause appreciable 
chanpes in the efficiency. Either the pitch diütributlon cr the 
plan form can he altered to obtain the optimum load distribution. 
Which alteration is made to give tlila loading is unimportant. 'hen 
result» of toots of pitch distribution or blade plwa form show larpe 
losses in efficiency, they ero caused by J:he chaajos in the drag 
loss due to stalling of acme of the sections or to oporating of acme 
of the sections at very lov lift coefficient at which the dreg 
is large in ccmparlcon with the lift. 

Blade section and thictaiesB distribution affect the blade drag 
loaa of the propeller. If this blade drag leas (^.TID from the charts) 

la small! only stall effects can bo e:-.peoted. For operation at 
section lift coefficients in the range of Cj_ from 0.3 to 0.7 this 

dra£ loes la small for normal airfoil sections operating below 
critical Mach numbers• If the element lift coefficient» are outside 
this range, the drag losses become Important« 

Once the primary parameters are selected the next step la the 
physical deaign of tho propeller, which cennieta of Aealgnlng the 
pitch distribution and blade-chord diatribution to obtain the proper 
distribution of loading along, the radius. One method of doalgnlng a 
propeller to give tho optimum distribution of loading for any 
operating condition ia outlined in reference 2. 

Langley Memorial Aeronautical Laboratory 
national Advisory Committee for Aeronautics 

Langley Field, Va., July 2, 19^7 
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and 

sr • «d ^t ^• S31 
(2) 

These formulas, modified to Include lnducod velooities and to appljr 
for tny loading, are 

dCT 
"dT* •a a, *X J*fl • »)fl 

u sin / 
(3) 

dx OC; «!JilL «0 
sin2?! 

- COS $ w 

• 

o.oh 

The results of the Integrated thruot and the integrated powor coef- 
ficients due to drag calculated by the zero-loading formulas; and the 
formulas including the induced velocities wore compared for several 
tlade loadings and each blade number* 'fhe roeultn for the four-blade 
propeller with ("cj)0t7i-i = C.Op and optimum load distribution along 
the blado are shown in ficure 26.   The difference in the thrust and 
power coefficients due to drag und the rosultant efficiency computed 
by the two sets of formulas vert small and therefore the drag losses 
were caaputed for only one loading for each blade number and. these 
coefficients were applied to all values of (aoA0  ,_. The values 

of (oci)n _ *"or which drag los3ec were computed vere facjV 

for the two-blade propellers, A,0z)o —, • 
c,°9 fcr **>• four-blade 

propellers, (00iV, TO = 0.14 for the six-blade propellers, and 

(ffc0o 7R = 0#1^ *or tlle eiCh'fc*tlade propellers. 

The- distribution of c, along the blade wne determined by use 

of the thickness distribution and plan form of a conventional propeller 
operating at the blade loadir.^ for optimum distribution. The distri- 
bution of c^ uEed was the uame ac that on the propeller of reference 1. 
The change in profile-drag coefficients is very small for a wide range 
of lift coefficient so that average values wore used in the calcu- 
lations. Because the profile drag increases rapidly near the stalling 
angle, it was necessary to malce element calculations to obtain the 
propeller performance for heavily loaded blades. 

  mm 
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^^^Uerxmcioncy.   •» speller Selection 

f**  , „«n of Calculated «*-   I^t-Blac 
2. Crlgler, oonu u.t from keroiynwnlc Conaläerations.   ..... 
3. Crlgler, John XMI   Comparleon of Calculate* and 2xperlnieiitftl 

Propeller Characterletioo for Four-, Six-, and Eight-Blade 
Single-Botatisg rropellor3.   HACA ACB Bo. »flBOU, 19M. 
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TABI2 I 

INtTX '10 FIGURES 1 TO 22 

Engine 
Figure power 

(hp) 
V 

(nrph) 
D B a per Hade 

1 300 200 6 4 O.0172, 0.0345, 0.0517, O.069 
2 300 100 6,8,10 4 O.OI72, O.0345, 0.0517, O.069 
3 300 200 6,8,10 4 0.0172, O.0345, 0.0517, O.069 
4 300 50 6,8,10 2,4,5,8 0.0345 
5 300 100 rftflO 2,4,5,8 0.0345 
6 300 150 6,8,10 2,4,6,8 O.0345 

J 300 200 6,8,10 2,4,6,8 O.0345 
225 50 6,8,10 2,4,6,8 O.0345 

9 225 100 6,3,io 2X5,8 O.0345 
10 225 150 6,8,10 2,4,5,8 O.0345 
11 225 200 6,8,10 2,4,6,8 0.0345 
12 150 50 6,8,10 2,4,6,8 0.0345 
13 150 100 6,8,10 2,4,5,3 O.0345 
14 150 150 6,8,10 2,4,6,8 O.0345 
x% 150 200 6,8,10 2,4,6,3 O.0345 
16 100 50 6 8;io 2'4,6^8 0.0345 

3 100 100 6,8,10 2,4,6,8 C.0345 
100 150 6810 2,4'6,8 0.0345 

19 100 200 6,8 10 2,4,6,8 0.0345 
20 50 50 6810 2,4,6,8 0.0345 
21 50 100 6,810 2,4,6,8 0.0345 
22 50 150 5;8,10 2,4,6,8 0.0345 

WAT10KAL ADVISORY 
COMMTHEE FOE AERONAUTICS 

• 
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F1«ure 24- Power-coefficient curve for use in fixed-pitch analysis. 
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